The bacterial community structure in soil of a tropical rainforest in East Kalimantan, Indonesia, where forest fires occurred in 1997-1998, was analysed by denaturing gradient gel electrophoresis (DGGE) with soil samples collected from the area in 2001 and 2002. The study sites were composed of a control forest area without fire damage, a lightlyburned forest area, and a heavily-burned forest area. DGGE band patterns showed that there were many common bacterial taxa across the areas although the vegetation is not the same. In addition, it was indicated that a change of vegetation in burned areas brought the change in bacterial community structure during [2001][2002]. It was also indicated that, depending on a perspective, community structure of soil bacteria in post-fire non-climax forest several years after fire can be more heterogeneous compared with that in unburned climax forest. The dominant soil bacteria in the field of the present study were Acidobacteria, Actinobaceria, and Alphaproteobacteria based on the DNA sequences of DGGE bands, although they were not dominant among the culturable bacteria from the same soil samples.
(Received July 18, 2007-Accepted November 22, 2007) The bacterial community structure in soil of a tropical rainforest in East Kalimantan, Indonesia, where forest fires occurred in 1997-1998, was analysed by denaturing gradient gel electrophoresis (DGGE) with soil samples collected from the area in 2001 and 2002. The study sites were composed of a control forest area without fire damage, a lightlyburned forest area, and a heavily-burned forest area. DGGE band patterns showed that there were many common bacterial taxa across the areas although the vegetation is not the same. In addition, it was indicated that a change of vegetation in burned areas brought the change in bacterial community structure during [2001] [2002] . It was also indicated that, depending on a perspective, community structure of soil bacteria in post-fire non-climax forest several years after fire can be more heterogeneous compared with that in unburned climax forest. The dominant soil bacteria in the field of the present study were Acidobacteria, Actinobaceria, and Alphaproteobacteria based on the DNA sequences of DGGE bands, although they were not dominant among the culturable bacteria from the same soil samples.
Key words: soil, bacteria, community structure, tropical rainforest, forest fire Forest fires often occur in Indonesia mainly due to human activities such as clearing for large-scale plantation, and the fires that occurred in 1997-1998 in Kalimantan Island (also called Borneo Island in Malaysia) were aggravated by the El Niño phenomenon. Wildfire can be a part of the ecosystem and a necessary event in some areas, where it maintains the diversity of the ecosystem by decreasing the dominance of competitive species and releasing nutrients 23) . In such areas, there are plants whose seeds germinate only after fire, stimulated by heat or smoke. In tropical Asia including Kalimantan Island, however, fire is generally not a part of the ecosystem and no natural forest is expected to adapt to fire. Kalimantan Island is extremely rich in tropical organisms, on which the harmful impact of fire is expected to be serious, since the loss of "key organisms" in tropical rainforests can significantly affect the recovery of forest ecosystems 14) . The concern for the impact of forest destruction on natural ecosystems has so far chiefly been restricted to higher plants 11, 21) . Microorganisms including bacteria play an important role in the soil ecosystem, for example, in the decomposition of organic matter, and it is, therefore, imperative to reveal their community ecology. Mabuhay et al. 12, 13) examined the effect of forest fire on soil in Hiroshima, Japan, and reported that microbial biomass and abundance were high in the unburned area. Acea and Carballas 1) pointed out that changes in physiological groups of microorganisms may occur after fire. There is, yet, little information on the impact of a vegetation change after fire on the microbial community in soil in tropical rainforests.
In this study, the bacterial community diversity in soil several years after fire in a tropical rainforest in Kalimantan Island was evaluated by denaturing gradient gel electrophoresis (DGGE) analysis targeting the 16S rRNA gene (16S rDNA). DGGE analysis can reveal the DNA sequence-based structure of a bacterial community including nonculturable populations, and has been used in many environments as a method for the evaluation of bacterial community structure 3, 6) . In addition, some of the DGGE bands were excused, cloned, and sequenced in order to examine taxonomic properties. Taxonomic groups of 70 culturable bacteria were also revealed, in order to compare them with those detected in a denaturing gradient (DG) gel.
Materials and Methods

Research field
The research field was located in Bukit Bangkirai (0°80'S, 116°70'E), East Kalimantan, Indonesia. Soil type in the research field is mostly Ultisols (USDA classification). The average annual rainfall reaches approximately 2,500 mm. From June until October (the dry season), the rainfall is generally lower than in the other months of the year. The average annual temperature reaches approximately 26°C.
Three sampling plots were set depending upon the degree of fire damage in 1997-1998, composed of a control natural forest area without fire damage (Plot K), a lightly-burned forest area (Plot LD), and a heavily-burned forest area (Plot HD). Before the fires, the areas containing Plots LD and HD were parts of a natural forest of the same type as Plot K. The total areas of Plots K, LD, and HD were 10,000 m 2 , 10,100 m 2 , and 10,000 m 2 , respectively, and the three plots were approximately 500-1,000 m from one another. It seems that after the fire, some plants survived in Plot LD and few in Plot HD, and new plants had started growing in both plots. At the time of 2002, Plots K, LD, and HD had 280, 128, and 94 species of tree, and the Shannon Index of tree diversity of the plots were 2.07, 1.86, and 1.33, respectively (Wakiyama, S. and N. Sukigara, Japan Wildlife Research Center, Taito-ku, Tokyo, Japan. Unpublished data). The three most frequent trees were Shorea laevis, Madhuca kingiana, and Macaranga glaberrimus (all climax plants) in Plot K; M. kingiana, Durio acutifolius, and Macaranga gigantea (the former two, climax plants; the latter one, a pioneer plant) in Plot LD; and M. gigantea, Mallotus paniculatus, and Mallotus trichocarpa (all pioneer plants) in Plot HD (Wakiyama, S. and N. Sukigara. Unpublished data).
In addition, Plot IC was set for comparison, which had been dominated by a grass Imperata cylindrica, and had had no trees after severe fire damage before 1997 until the present study. Plot IC was 1-1.5 km from the other plots and located between a valley and a haul road, which might be the main reason no tree had so far grown in this area. The total area of Plot IC was about 1,800 m 2 . The soil type in Plot IC is also Ultisols.
Soil sampling and test conditions
Plots K, LD, and HD were dissected into 10 m×10 m squares, and five squares each were selected randomly. Bulk soils of the A horizon were collected from the centre of each square in September 2001 and July 2002. At the same time, three points were selected randomly in Plot IC, and soils of the A horizon were collected from each point. Soil from one point of Plot HD (HD3, cf. Table 1 ) contained post-fire fragmented charcoal. Plant roots were removed carefully from the soil. The research field was far from the laboratories and the soil samples could not be analysed immediately. Therefore, the samples had been stored at 4°C for about two weeks after the sampling, and were then adapted to test conditions at 30°C with each soil's moisture content at 60% of the maximum water holding capacity for three weeks.
Soil texture, soil pH, and levels of total carbon, total nitrogen, and available nitrogen Soil texture was determined by a particle-size analysis using a pipette method 17) . Soil pH (H2O) was measured potentiometrically with a soil-water ratio of 1:2.5. Total carbon (total C) and total nitrogen (total N) levels were determined in an automatic highly sensitive N-C analyser, a Sumigraph NC-90A (Sumika Chemical Analysis Service, Tokyo, Japan), equipped with a GC-8A gas chromatograph (Shimadzu, Kyoto, Japan). The amount of available nitrogen (available N) was determined by the phosphate buffer solution method 18) .
DNA extraction and PCR
DNA was directly extracted from 0.5 g of each soil sample and purified using the UltraClean TM Soil DNA Kit (MO Bio Laboratories, Carlsbad, CA, USA). The final volume of extracted DNA solution was 20 µl. The DNA solution was diluted twenty-fold with sterile distilled water and used as a PCR template. The universal prokaryotic PCR primers, 357F (5'-CCTACGGGAGGCAGCAG-3') and 520R (5'-GTATTACCGCGGCTGCTGG-3') corresponding to positions 341-357 and 538-520 of Escherichia coli 16S rDNA numbering, respectively, were used to obtain fragments targeting the 16S rDNA V3 variable region of about 200 bp (including primers). The GC-clamp of Muyzer et al. 16 ) was attached to the 357F primer to enable DGGE. PCR was run in a thermal cycler, a GeneAmp TM PCR System 2700 (Applied Biosystems, Foster City, CA, USA), in 0.2-ml tubes using 50-µl reaction volumes. The reaction mixture contained 1 µl of the template DNA solution, 200 nM of both the primers, 200 µM each of nucletides, 250 µM of MgCl 2 , 2 U of AmpliTaq Gold ® DNA polymerase (Applied Biosystems) and 5 µl of 10×reaction buffer. The template was substituted with sterile distilled water in the negative control sample. The initial denaturation step was done at 94°C for 5 min. The amplification was carried out with 5 cycles including denaturation at 94°C for 30 sec, annealing at 50°C for 30 sec, and DNA extension at 72°C for 60 sec, followed by 25 cycles including denaturation at 94°C for 30 s, annealing at 55°C for 30 sec, and DNA extension at 72°C for 60 sec. The final extension was done at 72°C for 7 min. Amplification of PCR products of the proper size was confirmed by electrophoresis through a 1.5% agarose gel, followed by staining with ethidium bromide.
DGGE analysis
The DGGE was carried out using a DCode TM Universal Mutation Detection System (Bio-Rad Laboratories, Hercules, CA, USA), with an acrylamide concentration in the gel of 8% and a denaturing gradient of 35% to 65%. The amplicons were electrophoresed with two DGGE markers that sandwich most of the DGGE bands. The markers were composed of 16S rDNA fragments amplified by PCR from DNAs of Staphylococcus aureus IAM12544 T and Nocardiopsis literi IFO13360 T , with the same primers and reaction conditions as mentioned above. The electrophoreses were run for 6 h at 120 V. Subsequently, the gels were stained with SYBR ® Green I (BioWhittaker Molecular Applications, Rockland, ME, USA) according to the manufacturer's instructions, and a digital image of the gel was obtained with an image scanner, the Epi-Light UV FA 500 system (Yamato Scientific, Tokyo, Japan). DNA bands were detected with the software Image Gauge version 3.45 (Fuji Photo Film, Tokyo, Japan). Based on the relative positions of DNA bands between the two markers (c.f. Fig. 1 , pointed by arrows), each band was numbered and its absorbance was measured. The data was used for a cluster analysis with KyPlot software (K. Yoshioka, 1997 to 1999, version 2.0 beta 4). The cluster analysis was carried out with the following conditions: Significance Level, 0.05; Data Type, Raw Data; Measure, Standardized Euclidean; Clustering Method, Ward, which was output in Squared Distance.
Extraction and sequencing of DGGE bands
Thirty selected bands in the DG gel applied with the samples of 2001 were carefully excised under UV illumination and then placed in 20 µl of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). DNA was extracted from the gel piece by a 24-hour incubation at 4°C. The supernatant of the DNA extract was used as template DNA in the PCR re-amplification using the same primers, 357F and 520R, as described above. Amplicons were passed through MicroSpin TM S-400 HR Columns (Amersham Pharmacia Biotech, Uppsala, Sweden) to remove remaining dNTPs and primers, and cloned with the pGEM ® -T Easy System (Promega, Madison, WI, USA) according to the manufacturer's instructions. Plasmids containing the clones were extracted and purified using a Qiagen ® Plasmid Mini Kit (Qiagen, Valencia, CA, USA). The sequences of five clones each from one DNA band were determined with the DTCS Quick Start Kit for Dye Terminator Cycle Sequence (Beckman Coulter, Fullerton, CA, USA) and Genetic Analysis System CEQ 8000 (Beckman Coulter). Prior to the sequencing, another PCR amplification was done with the extracted plasmid as template DNA, using the same primers (357F-GC and 520R) as described above; the amplicons were electrophoresed again on a DG gel to confirm whether they are the same as the original bands.
Sequence-based identification of bacteria in a DG gel.
The sequence of a cloned DNA band was compared with available sequences in the GenBank database using the Blast programme 2) . Based on the similarity of the V3 region of 16S rDNA, the taxon of the bacterium that has the sequence was estimated at the phylum/class level. A neighbour-joining tree including the clone and other members of the estimated taxon was constructed using Clustal W version 1.7, and the validity of the estimation was confirmed.
Identification of culturable bacteria
Equal quantites of soil samples from all sampling points in Plot K, HD, or IC were mixed well. Ten grams of soil sample from each plot with 90 ml of sterilized water was placed in a 100-ml cup, then homogenised at room temperature at 10,000 rpm for 1 min using a Waring blender (Sakuma Seisakusho, Tokyo, Japan). The suspension was serially diluted 10-fold and 0.1 mL aliquots were spread on 1/20 nutrient broth agar plates. The agar plates were incubated at 30°C for five days. In this study, a more concentrated nutrient broth and longer incubation period caused some bacterial colonies to grow large enough to engulf many other colonies. One agar plate each for Plots K, HD, and IC on which around 20-30 colonies formed was selected, and all colonies on the plate were isolated. A total of 70 bacterial colonies were obtained.
The almost full length of 16S rDNA of the bacteria was amplified by PCR with the following primers; 27F, 5'-AGAGTTTGATC-CTGGCTCAG-3' and 1525R, 5'-AAAGGAGGTGATCCAGCC-3'. PCR was run in a thermal cycler, GeneAmp TM PCR System 2700 (Applied Biosystems) in 0.2-ml tubes using 50 µl reaction volumes. The reaction mixture contained 1 µl of cell solution made from each colony, 200 nM of the both primers, 200 µM each of nucletides, 250 µM of MgCl2, 1 U of AmpliTaq Gold ® DNA polymerase (Applied Biosystems) and 5 µl of 10×reaction buffer. Initial denaturation step was done at 94°C for 5 min. The amplification was carried out with 25 cycles including denaturation at 94°C for 30 s, annealing at 55°C for 30 sec, and DNA extension at 72°C for 60 sec. The final extension was done at 72°C for 7 min. Amplification of PCR products of the proper size was confirmed by electrophoresis through a 1.5% agarose gel, followed by staining with ethidium bromide.
The amplificons were purified using MicroSpin TM S-400 HR Columns (Amersham Pharmacia Biotech). Cycle sequencing reactions were performed using the Thermo Sequenase fluorescent labelled primer cycle sequencing kit with 7-deaza-dGTP (Amersham Pharmacia Biotech), with the primers 27F, 1525R, and the following additional primers; 704F, 5'-GGTGAAATGCGYAGA-3' and 789R, 5'-GGGGTATCTAATCCC-3'. The reaction products were run on a 4% Long Ranger (FMC Bio Products, Rochland, ME, US) using a DSQ-1000L DNA Sequencer (Shimadzu).
Based on the almost full-length 16S rDNA sequence, the isolates were identified phylogenetically by the same method as that used for the identification of bacteria that appeared as DGGE bands described above.
Results and Discussion
First, it should be noted that the results presented here are those from soil samples collected several years after fire. Therefore, the anticipated direct damage of fire such as heat and smoke could not be examined.
Thickness, texture, pH (H2O), and the levels of total C, total N, and available N of the A horizon of soil in Plot K (unburned forest area), Plot LD (lightly-damaged forest area), Plot HD (heavily-damaged forest area), and Plot IC (grassland area without trees) in 2001 are shown in Table 1 . Small differences were recognised in these properties depending on sampling points, but not on plots. For instance, the thickness and the total C content of the A horizon were greatest on average in Plot HD, followed by Plots K and LD in descending order. The relationship between these values and the degree of fire damage was obscure based on the properties shown in Table 1 . The largest value for total C, at sampling point H3, was apparently due to post-fire fragmented charcoal included in the soil (cf. Materials and Methods).
Of the DGGE band patterns derived from the samples of 2001 (Fig. 1a) , none were identical. Although the vegetation is not the same among the plots, many bands were common to several samples from all plots, indicating that common bacterial taxa are dominant across the plots. In the band patterns derived from the samples of 2002 (Fig. 1b) , many bands were again common to several samples from all plots, but the concentration or the presence/absence of some bands was not the same as those of 2001.
In the dendrogram derived from the data of 2001 (Fig. 2a) , it seems that the community structure was not affected by the chemical properties of soil examined (Table 1) , but affected by the plot difference to some extent. The samples of Plots K and LD were not separated clearly and formed a cluster together (Cluster K-LD). Four samples of Plot HD formed a cluster (Cluster HD) but they were more distant from the remaining one sample of Plot HD (HD1) than those of Plots K and LD. In the dendrogram derived from the data of 2002 (Fig. 2b) , the formation of clusters differed from that of 2001. The samples of Plot K and only one sample from Plot LD formed a cluster together (Cluster K). The other four samples of Plot LD formed a cluster with the samples of Plot HD (Cluster LD-HD). The formation of this cluster means that the community structure of bacteria in Plots LD and HD was more similar to each other than to that in Plot K in 2002. After the fire, some parts of trees had survived in Plot LD, which were common to those in Plot K, however, pioneer trees such as M. gigantea and Vernonia arborea increased in Plots LD and HD after September 2001 (Wakiyama, S. and N. Sukigara. Unpublished data). It has been illustrated that plant community structure influences bacterial community composition 4, 15) . It was also suggested that changes in vegetative community structure in the years following fire have the potential to be the more dominant driver and shaper of the soil microflora than the direct impact of the fire disturbance itself 9) . Therefore, it is possible that the change of the vegetation of Plots LD and HD made the community structure of soil bacteria in the two plots similar in 2002. The difference in the vegetation may cause the difference in soil organic matter and soil temperature depending on light intensity, etc., which would affect the soil bacteria. There is another possibility, that the community structure changes depending on the time of year. However, considering that the samples were collected in September 2001 and July 2002, and that the study area is in a tropical rainforest climate where the temperature is stable and the dry season lasts from June to October, the difference in environmental factors depending on the sampling months does not seem significant.
The samples from Plot IC clustered well and were located far from the other samples, meaning that the soil bacteria in this grassland have distinct community structures. Plot HD was burned as well as Plot IC, but the community structure of the soil bacteria in Plot HD was more similar to that in Plots K and LD than that in Plot IC. Many infant trees were growing in Plot HD but there were almost no trees in Plot IC, which is considered to be one of the chief reasons for the difference in the community structure of soil bacteria between Plots HD and IC.
Fierer and Jackson 8) performed a continental-scale exami- nation of soil bacterial communities, and reported that bacterial diversity was unrelated to site temperature, latitude, and other variables that typically predict plant and animal diversity, and community composition was largely independent of geographic distance. Fierer and Jackson 8) also reported that the diversity and richness of soil bacterial communities differed by ecosystem type, and these differences could largely be explained by soil pH. The vegetation differed temporally among the plots in this study, but the ecosystem type of the area including Plot HD was intrinsically the tropical rainforest. The pH of the soil from the plots was about 4-5 depending on sampling points but not on plot type. These factors might result in many common bacterial taxa being dominant in all the plots.
Plot K had the largest number of plant species, and the branch distances in the dendrogram within Plot K were smaller than those within Plots LD and HD. It is possible that a stable, climax tropical rainforest composed of diverse 
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1) Sequence name corresponds to the DGGE band name in Fig. 1 . DGGE bands C, D, H, V, Z, and d had more than one sequence. All the sequences of each of these bands were confirmed to have the same motility on a DG gel. 2) Accession number is for DDBJ, EMBL, and GenBank.
3) A minus sign, "-", means "unidentifiable" at the phylum or class level. 4) An uncultured bacterium whose genus name is not given is described as an "uncultured clone" regardless of its title in the DDBJ, EMBL, and GenBank database. 5) The plot is where the sample was collected in which the sequence was detected, and does not mean the sequence is specific to the plot. plants provides a somewhat homogeneous environment in soil compared with a non-climax forest.
The taxa of the bacteria identified based on the sequences of DGGE bands are listed in Table 2 . Some clones were confirmed to be different from the original bands by additional DGGEs with them used as template DNA, and the data from such clones were not included in Table 2 . As a result, the 30 bands were composed of 33 different sequences (41 sequences are listed in Table 1 with duplications). It was confirmed that bands showing the same motility in a DG gel mostly contained at least one same sequence.
The sequence d-2 in Table 2 could be of Rhodococcus or Catenulispora, but it is necessary to compare a longer sequence with those of the type strains of the type species of Rhodococcus and Catenulispora to identify its genus. The nearest relatives of a bacterium that has the sequence D-3 are Schlegelella thermodepolymerans and Caenibacterium thermophilum, but the bacterium is possibly an unknown species based on the low sequence similarity (% ID). Although 16S rDNA data of numerous known bacteria have already been registered in the current DNA databases, the nearest relatives of bacteria that have the 31 sequences (without duplication) other than d-2 and D-3 were uncultured clones ( Table 1 ), indicating that most of the soil bacteria are unknown and uncultured. Actinobacteria, Acidobacteria, and Alphaproteobacteria were shown to be dominant bacteria in the soil used in this study. Janssen 10) reviewed reports on the abundance of bacterial taxa in soil at the phylum level, and concluded that Actinobacteria, Acidobacteria, and Alphaproteobacteria are often abundant in soil and Bacteroidetes, Firmicutes, and Planctomycetes are generally less abundant, which is supported by the present results.
The results of phylogenetic identification of 70 bacterial isolates are listed in Table 3 . Many of the isolates belonged to taxa that could not be identified at the species level only based on phylogenetic analysis, therefore, the identification was done at the genus level. Sphingomonas was isolated only from Plot K, and Leifsonia, Microbacterium, Ralstonia, and Dyella were only from Plot IC. However, it was not clear whether the difference in generic composition is related to the difference in vegetation or is just due to the small number of isolates.
Although the number isolated is not enough, it can be said that members of Bacillus (Firmicutes) and Burkholderia (Betaproteobacteria) were dominant among culturable bacteria isolated under the conditions of the present study. However, Firmicutes was not included and Betaproteobacteria was not dominant in the 30 bands extracted from a DGGE gel (Table 2) . Rösch et al. 20) examined the diversity of bacteria in an acid forest soil, and reported that although the major bacteria belonged to Actinobacteria, Acidobacteria, and Gammaproteobacteria based on the analysis of PCR products, most of the cultured isolates belonged to Firmicutes. The present study generally supports their report, although our result was based on cultivation only on one kind of medium and only for five days. Janssen 10) speculated that the reason why Firmicutes are difficult to detect in a PCR-based analysis is that the cells or spores may be difficult to lyse. However, cells or spores of Actinobacteria excluding nonspore-forming species are also difficult to lyse, but this phylum is often detected in PCR-based analyses. Therefore, there should be other reasons for Firmicutes being dominant in cultured bacteria but less detected in PCR-based analyses. It is possible that Firmicutes is one of the dominant taxa among culturable bacteria but not dominant in total bacteria. Culturable bacteria in soil comprise a minor fraction of the total bacteria 5, 7, 19, 22) , and there still are many as yet uncultured bacteria in soil, which would explain the discrepancy between the dominant members of cultured bacteria and those detected in PCR-based analyses.
In conclusion, many bacterial taxa were commonly dominant in soil in which the vegetation was not the same, while a change of vegetation in burned areas brought a change in bacterial community structure. It can be said that, depending on the viewpoint, post-fire non-climax forest can have a more heterogeneous community structure of soil bacteria several years after fire, than unburned climax forest. In order to discover the dominating factor for such community structuring, it is inevitable to reveal more about the characteristics of soil bacteria, including not-yet-cultured bacteria.
